Abstract The chelate assisted phytoremediation of polluted soils, based on the complexation of metals with chelators, can be a valuable green solution for agricultural soils decontamination. Copper is considered a hardly available and slowly translocating element, but the complexation may increase its bioavailability and translocation capacity, with benefits for soil phytoremediation. In our study, the ability of horse manure-a natural source of compounds which can act as chelators for enhancing the bioavailability and uptake of copper from contaminated soils-was investigated, by the use of white mustard (Sinapis alba) as the accumulator plant; the results were compared with those obtained for ethylenediaminetetraacetate, a synthetic chelator. The copper bioavailability, bioaccumulation, uptake, and thus the potential for phytoremediation of copper polluted soils, were estimated by translocation factor, bioaccumulation factor, and uptake coefficient. The results indicated that the use of horse manure as natural chelators source can improve the copper phytoextraction capacity, also having the advantage of an increase in biomass.
Introduction
The bioavailability of metals from soil is a very important issue in agricultural and environmental studies, being interesting both for understanding the processes involved in the metals uptake by plants and for finding the most reliable methods to predict the availability of a given element to plants, in particular to crop plants. The metals uptake is also important in the phytoremediation process, an emerging technology that employs the use of higher plants for the clean-up of contaminated environment (Kabata-Pendias 2004) . For phytoremediation to be successfully, a strategy which combines rapid screening of plant species, possessing the ability to tolerate and accumulate toxic metals, with agronomic practices that enhance shoot biomass production and/or increase metal bioavailability in the rhizosphere should be considered (Salt et al. 1998; Rimmer et al. 2001; Dean 2007) . Salt et al. (1998) assumed that two basic strategies of phytoextraction may be formulated: chelate assisted phytoextraction (induced phytoextraction) and long-term continuous phytoextraction. The success of phytoremediation depends both on the choice of plant species and the metal forms retained in soils. Several options have been employed to facilitate phytoremediation, including the use of proper chelating agents to enhance metal mobility in soils and suitable vegetation to translocate metals from underground tissues to aerial parts of the plants (Yeh and Pan 2012) . In fact, they are known four different plantbased technologies of phytoremediation, with different mechanisms of action, which are used for containment (i.e. phytoimmobilization and phytostabilization) or removal (i.e. phytoextraction and phytovolatilization) of contaminants from soils (Padmavathiamma and Li 2007) .
Chelating agents have been shown to desorb metals from the soil matrix into the soil solution, and to facilitate metal translocation from roots to shoots, but their effect may differ depending on the plant or metal species. The chelators are frequently used to increase the bioavailability of heavy metals, thus enhancing their uptake by plants, although this may decrease their biomass because of the toxicity. Moreover, chelators can mobilize soil nutrients, since the fertilizing action of chelators has been reported (Yeh and Pan 2012) . The copper complexation by chelating agents has many other applications in analytical and environmental chemistry (Mobin et al. 2010; Sanghavi et al. 2013) .
Ethylenediaminetetraacetate (EDTA), probably the most efficient chelator in increasing the concentration of various metals in above-ground plant tissues, has a high efficiency relying on the solubilization of poorly available metals (e.g. lead, chromium, copper), followed by a largely passive accumulation of metal complexes in plant shoots through the transpiration stream. However, many authors reported that the slow degradation rate and long persistence of EDTA in soil (becoming a contaminant) increase the metal leaching risk and make it unsuitable for use under field conditions. (do Nascimento et al. 2006; Turgut et al. 2010; Wua et al. 2003) Thus, the use of natural compounds, as chelators in phytoremediation, seems to be more advantageous compared with synthetic ones (like EDTA).
The behaviour, phytobioavailability, and toxicity of copper (a hardly available and slowly translocating element) are influenced by several soil variables, such as dissolved organic matter, which has a great affinity to fix copper and thus to inhibit its sorption in soils. These phenomena are attributed to the formation of soluble Cu-organic complexes (Máthé-Gáspár and Anton 2005). Basic research is still needed on the use of natural and synthetic chelating agents for the inducement of pollutants hyperaccumulation.
The purpose of our study was to estimate the influence of horse manure, which is frequently used as a fertilizer for soils, but which may also be a source of natural chelators, in the uptake of copper from contaminated soils, using the white mustard (Sinapis alba, family Brassicaceae, also referred to it as Brassica alba or B. Hirta) as accumulator plant. Mustards were identified as hyperaccumulators for Cd, Cs, Ni, Sr (McCutcheon and Schnoor 2003) , and our preference for white mustard is justified by the fact that it was less studied in comparison with other mustard species, like Indian mustard. The previous results for phytoremediation using sheep manure do not have the expected success (Sinegani and Khalilikhah 2011) , but our aim was to improve the method, to apply it in other systems and to find the proper metal-chelator-plant combination for successful phytoremediation. We have also compared the performance of naturally occurring compounds (from horse manure) with a synthetic chelator (EDTA) in enhancing phytoextraction of copper in an artificially contaminated soil.
The issue of metals extraction by phytoremediation from polluted soils, in the presence of horse manure, may be included in the global problem of environmental pollution reduction; some other decontamination techniques also using waste materials (Jain et al. 2003a, b; Mittal et al. 2008 Mittal et al. , 2009 Mittal et al. , 2010a Gupta et al. 1997 Gupta et al. , 2007 Gupta et al. , 2011a .
Materials and methods

Materials
All the reagents were purchased from commercial sources and used as received. The white mustard seeds were also purchased from commercial sources.
Horse manure was produced on a farm in Constanta County, Romania, nearby the agricultural land from which was taken the soil. Horse manure extract (HME) was prepared by water extracting from fresh horse manure in the 1:5 ratio of manure to distilled water. The suspension was stirred for 30 min and then filtered. 120 mL of HME was obtained, starting from 150 g of horse manure. Horse manure extract has neutral-slightly alkaline pH (7.85). Copper concentration in HME was 0.05 mg L -1 .
Soil treatment and analysis
The soil (0-30 cm) tested in our study was chernozem (also known as calcareous black soil, eluviated black soil, or mollisol), taken from Constanta County, Romania. We used for experiments soil samples (Table 1) consisting of untreated soil from agricultural land (chernozem, S1), respective treated soil, a mixture of chernozem, and compost, based on dried and aged horse manure (DHM), prepared for flowers and vegetables cultivation in green houses, in the year before experiments (S7). The soil samples were dried indoors until they could be crumbled to pass through a 4-mm sieve for pots experiment and a 2-mm sieve for analyses of properties.
The soil water content was determined by gravimetric method. The soil pH was determined using standard method for land, respective greenhouse soils (JICA 2003; Rimmer et al. 2001) . The characteristics for original soils (electrical conductivity, carbonates, chlorides, calcium, magnesium, total organic matters) were determined for aqueous extracts using standard methods (Pansu and Gautheyrou 2006; USEPA 1995) . A Consort 535 pH-meter, for pH determination, and a Consort K600 conductometer, for the determination of electrical conductivity, were used.
Soil was transferred to 20-cm diameter plant pots (3 kg of soil in each) and soil samples were treated with 250 mg Cu(II) kg -1 d.w. (CuSO 4 Á5H 2 O) as pollutant. The amounts of copper sulphate which must be added to achieve the target solution concentrations were calculated to be lower than half maximal effective concentration (EC 50 ) of copper, determined in other studies. For example, the EC 50 values reported by Mitchell et al. (1988) for three native Australian species ranged from 205 to 610 mg Cu kg -1 , but the values strongly depends on the soil characteristics, plants species, and other factors. The copper sulphate was dissolved in deionized water into each pot and then saturated, air dried at room temperature and thoroughly mixed. The wetting-drying mixing process was repeated to ensure soil equilibrium for 1 month, under natural light (Turan and Esringü 2007) .
After the incubation period, the copper contaminated soils were treated with EDTA solutions, at the rates of 0.5 and 1.0 mg EDTA kg -1 soil, and with 40 mL HME kg -1 soil. Concentrations of EDTA and HME were based on upper soil surface layer and were sprayed on the soil surface, following procedures described by Vogeler et al. (2001) .
The soil total copper was extracted by a mixture of HNO 3 , H 2 O 2 , and HCl (USEPA 2000). The bioavailable copper fraction was extracted with a CaCl 2 solution (Houba et al. 2000; Benton Jones 2001) . All determination was made triplicate. The obtained solutions were prepared for copper determination.
Plant growth experiments
The seeds of S. alba were sterilized with a HgCl 2 0.1 % solution, by vigorous shaking for 1 min and washed in abundance with deionized water. The sterilized seeds were germinated on Petri dishes (10 seeds dish -1 ), lined with filter paper and impregnated with 6 mL of distilled water. After the plants had grown for 14 days, three plants were selected, each with similar lengths (between 5 and 10 cm), and a pot experiment was carried out under laboratory conditions (natural light, 25°C temperature) (Branzini et al. 2012) . All experiments were made triplicate, and the mean values were reported.
The plants were planted and grown into 6 soil samples, namely S1-S6.
After 30 days, the plants were harvested. Plant samples (roots and shoots) were separated and thoroughly rinsed in abundant deionised water after mechanical cleaning, dried at 70°C until the stabilization of weight (48 h), and weighed. The obtained tissue samples were crushed and digested using a H 2 O 2 /HNO 3 mixture (10/8, v/v) in a Digesdahl Digestion Apparatus, 230 Vac (Hach). The obtained solutions were prepared for copper determination.
Determination of Cu in plant and soil samples
The copper content in plants and soil samples was determined by the atomic absorption method (FAAS technique) on a GBC Avanta PM atomic absorption spectrometer (purchased from Romspectra Impex Ltd. Bucharest, Romania), equipped with air-acetylene flame, using an aqueous standard calibration curve. Analyses were made triplicate, and the mean values were reported. Acetylene of 99.99 % purity at a flow rate 1.8-2.0 L min -1 was utilized as fuel gas and also as carrier gas for introducing aerosols. Concentrations of copper were measured using monoelement hollow cathode lamp. The characteristics of metal calibration curve are: wavelength 329.7 nm, concentration range 0.100-1.000 mg L -1 , and correlation coefficient 0.9990 (Skoog et al. 1996) . Analyses were made triplicate, and the mean values are reported.
Validation of the method was performed with respect to linearity, limit of detection (LOD), limit of quantification (LOQ), accuracy and precision, in accordance with International Conference on Harmonisation (ICH) Guidelines (ICH Expert Working Group 2005).
Method validation
A linear trend between the absorbance and copper concentration was observed in the range of 0.1-1 mg L -1 . The coefficient of determination (r 2 ), obtained from regression line, was 1.000. The applied spectrometric method is based on a calibration curve for quantitative analysis, and the LOD and LOQ were determined using following equations: LOD = 3s/a; LQD = 10s/a, where s is the standard deviation of replicate determination and a is the sensitivity, namely the slope of the calibration graph (International Conference on Harmonisation 2005). The values of LOD and LOQ were 0.0027 and 0.009 mg L -1 , respectively. The accuracy of the method is presented in Table 2 . A 0.5 mg L -1 standard solution was spiked with known amounts of standard solutions (0.2, 0.3, 0.4, and 0.6 mg L -1 ), and the measured values were compared with the known added values. The results showed that the accuracy was in the range 92.0-98.6 %, and the spectrometric method applied for the determination of copper can be considered as an accurate method within the investigated concentration range. The precision of the method, reported as relative standard deviation (RSD), was estimated by measuring repeatability of the measurement for three replicates at different concentrations (0.2, 0.3, 0.4 and 0.6 mg L -1 ). The % of RSD values were less than 3 %, confirming a good precision of the method.
Recovery studies were carried out to determine the accuracy of the method. Samples were analysed before and after addition of known amounts of cooper solutions, and it was found that recoveries ranged between 90 and 98.6 %. The results confirmed that although the matrix composition was complex and presented different mineral content, it does not cause interference effects.
Results and discussion
Copper concentration in soils
In the first stage of our study, the influence of horse manure (in two forms, namely extract from fresh manure, respective dry and aged manure) on the copper bioavailability was tested. For comparison, the influence of EDTA was also tested.
The scientific studies (Moral et al. 2005 ) demonstrated that horse manure can be used as amendment in agricultural soils, to achieve both their disposal and the improvement of soil properties, due to their very high organic matter contents; but the organic matter stabilization process starts after application to soil, since only the manures which had undergone the beginning of the stabilization process, due to their greater storage time, showed values of the parameters related to organic matter maturity within or close to the established limits for mature organic materials. In our study, the idea that it is easier to manipulate and store an aqueous extract of manure, compared to the solid manure was assumed. Moreover, the extract is made from fresh manure, which is expected to contain more organic matter compared to aged horse manure, and the organic compounds can act as chelating agents. Another argument for water extract versus a solid material is that the water soluble components of solid chelators can be washed out by rain when it is spread on a filed.
A characterization of original land soil (S1) and treated soil (land soil and compost, S7) is presented in Table 3 . As expected, the experimental data revealed a higher concentration of organic matter in treated soil. Moreover, the electrical conductivity and concentration of some components (calcium, magnesium, chlorides, carbonates) showed a high concentration of inorganic compounds in S7 sample. This fact is important because the anions can also act as ligands for metals.
The original soils applied in this study contain 22.41 mg Cu(II) kg -1 d.w., respective 22.66 mg Cu(II) kg -1 d.w. (see Table 3 ). It is recognized that the average copper concentration in soils is 30 mg kg -1 d.w. and the common range for soils is 2-100 mg kg The bioavailable (mobile) copper fraction in soil was considered to be the fraction that is not tightly bound to soil (Benton Jones 2001; Dean 2007) . The bioavailable (exchangeable) copper concentration in soil samples was determined because several studies indicated a correlation between the soluble metal concentration in soil and metal concentration in plants (Zehra et al. 2009 ). The results are presented in Fig. 1 . From Fig. 1 we can conclude the following:
• a good correlation between the calculated and determined values of the total copper concentration may be observed. The determined values are around of 95 % of calculated ones; • in absence of a chelator, the fraction of bioavailable copper reported to total copper is very low, meaning that the added copper is not in a bioavailable form. (Rimmer et al. 2001) .
A comparison between experimental and calculated values for soluble copper is presented in Table 4 . It can be seen that, for the samples which were not treated with EDTA, the calculated values for soluble copper are in good agreement with the determined ones. The addition of EDTA in soil samples results in a growth of soluble copper concentration, while the empirical equation has no relevance. On the contrary, the application of horse manure, in both forms, does not increase the soluble copper concentration, and the values of soluble and total copper can be fitted in the equation, as for an untreated soil.
Despite the high trend of retention of copper as precipitates in soil, copper has a high affinity for soluble organic ligands and the formation of these complexes may greatly increase its mobility in soils. The extent of complexation between a metal and the soluble organic matter depends on the competition between the metal-binding surface sites and the soluble organic ligand for the metal (McLean and Bledsoe 1992) . This trend is very well illustrated by the results obtained in EDTA treated soil samples, but is unpredictable in the case of horse manure treatment. In our opinion, there may be two possibilities, i.e. the horse manure does not contain proper ligands for obtaining soluble and stable copper complexes or the organic components of horse manure interact with copper, but the products are not soluble. Anyway, the pH values for neutral soil and HME are favourable for metal-ligand interactions, feature which leads us to the supposition that a reaction between metals and organic compounds is, however, possible. These results, which are apparently surprising for copper chemistry, were recently confirmed by studies involving the use of manure amendments. Thus, Pérez-Esteban et al. (2011, 2012) communicated that the addition of the manure compost significantly reduced the metal bioavailability and redistributed the metals from the most labile fraction to the most stable fractions.
Copper concentrations in plants
Copper contents in plants vary greatly and are controlled by several factors, in which the pool of mobile copper in soils and plant properties play significant roles. Despite general copper tolerance in plants, this metal is considered to be quite toxic. The effects of copper excess, such as decrease of photosynthesis and yield, are well known. The most common characteristic symptoms of the copper and copper toxicity are: (1) root malformation, (2) damage to membrane permeability, (3) inhibition of photosynthetic electron transport, (4) damage to DNA, and (5) immobilization of copper in membranes and protein complexes (Kabata-Pendias and Mukherjee 2007). Zehra et al. (2009) reported that application of EDTA on heavy metal contaminated soils significantly decreased root and shoot dry matter yields of some plants; the decrease being considerable when EDTA addition levels were higher than 3 mmol kg -1 (1,000 mg kg -1 ). Starting from this observation, in our study, we did not exceed this concentration, and the total mass of plants was roughly constant for the experiments involving S3 and S4 compared to S1 and S2. The same observation was done for S5 experiment, but for S6 the mass of plants was significantly higher, namely the highest of all experiments (3.66 g dry shoots compared to 1.20 g for S2).
The concentration of copper in roots, stems, and leaves are listed in Table 5 . According to Ross (1994) , the copper concentrations in polluted plants are between 20 and 100 mg kg -1 . In our study, all samples of plants had very high contents of Cu, even in the absence of a chelator, but the results are in concordance with other studies; e.g. 708.4 mg kg -1 in a wild plant, P. avium L., Rosaceae, in absence of a chelator (Maric et al. 2012) . Although all these concentrations have extremely been high, they are still much lower than the ones in Ipomoea alpina, which is the best known hyperaccumulator of Cu, and which can accumulate 12,300 mg kg -1 of Cu in its shoots (Cunningham and Ow 1996; Maric et al. 2012) .
Starting from the experimental data given in Table 5 , the following considerations can be formulated:
• the quantity of copper transferred from soil to plant was too high, and in these conditions, it was expected leaves to be affected by chlorosis, which in fact was observed; • the highest copper concentration was found in the shoots harvested from S4, the soil with maximum EDTA concentration, which reveals the capacity of EDTA to mobilized the copper from soil to plant. However, for the S3 and S4 experiments, the vegetable mass (0.95 g d.w. of shoots, respective 0.60 g) was lower compared with S2 experiment (1.20 g d.w. shoots). This observation may have at least two explanations:
1. a high concentration of EDTA in soil involves a high bioavailability of copper (and other metals) and thus a high concentration in plants. In these conditions, the copper may be toxic for the plant, consequently the chlorosis was observed and the vegetal mass was decreased; 2. the EDTA in high concentration may itself be toxic for the plants, as other researchers observed (Yeh and Pan 2012) . In our opinion, the toxicity of EDTA is also due to its ability to act as a hexadentate ligand, leading to the complexation of metals in soil solution and facilitating the transfer to plants. The metals concentration in plant becomes higher, and the toxicity of EDTA acts not only by itself, but also through toxic metals as well; • the concentration of copper in plants harvested from S5 is the lowest, but it is interesting that the concentration in roots is the highest, much higher than in S3 and S4 experiments. This behaviour may have a practical application because the shoots of plants grown in such conditions are not contaminated with copper and can still be used, while the roots have accumulated high cooper concentration and can be removed.
Phytoaccumulation and translocation of copper
The white mustard's potential for phytoextraction was assessed using some factors (bioaccumulation factor, translocation factor, uptake coefficient) as measures for its ability to uptake and translocate copper, in experimental conditions. The transfer factor (TF) from soil to plant was definite by Freytag (1986) as the ratio between the metal content in plant (in mg kg -1 plant d.w.) and the metal content in soil (mg kg -1 d.w.). The transfer of metal ions from the roots to the shoots is discussed in terms of translocation factor (TF), as the ratio of total metal concentration in the plants shoot to that in the roots (Ahlawat Sainger et al. 2011; Branzini et al. 2012) .
The metal accumulation of plant species may be estimated by the bioconcentration factor (BCF) defined as ratio of the concentration metals in plant tissues (the aerial part of the plant) to the initial concentration in the environment (Zehra et al. 2009; Branzini et al. 2012) .
Bioaccumulation is the process of taking up a chemical by an organism, either from direct exposure to a contaminated medium or by consumption of contaminated food (Schumacher et al. 1995) . The bioaccumulation factor (BAF) was defined as the ratio of total metal concentration in shoots to concentration in soil, which is a measure of the ability of a plant uptake and transport metals to the shoots (Ahlawat Sainger et al. 2011) .
The BAF, as defined above, may be understood as a transfer factor from soil to shoots or as the bioconcentration factor (ratio) in shoots. In some papers, the BCF and BAF have the same significance, meaning the ratio of shoot concentration to soil concentration (Wei et al. 2012) ; we used in this study the BAF expression.
It shall be deemed that plant species exhibiting TF and BAF greater than one are suitable for phytoextraction (Ahlawat Sainger et al. 2011) . Baltrénaité et al. (2012) proposed the use of dynamic factors to assess metal uptake and transfer in plants. Between the advantages of the proposed factors is the elimination of systematic errors of analysis and thus the improvement of precision and quality of evaluation.
The values of BAF, BAF dyn (dynamic factor of metal bioaccumulation), TF, and TF dyn (dynamic factor of metal translocation) for all experiments are plotted in Fig. 2 .
From the data presented in Fig. 2 , some remarks can be made:
• the considered factors are increasing with the copper concentration, even in the absence of a chelator, meaning that white mustard is a good accumulator for copper. The presence of EDTA in soil involves higher values for BAF and BAF dyn , the growth being dependent of EDTA concentration. The variation of TF has the same trend, but less regular compared with BAF. Furthermore, the presence of EDTA in low concentration does not seem to favour the transfer of copper from roots to shoots; • in the S5 experiment (HME as chelators source), the BAF is the lowest, much smaller in comparison with the other values, which means that HME prevents the accumulation of copper in aerial parts of the plants.
Despite the fact that copper is easy absorbed by the roots and the copper concentration in roots is very high, the plants do not have the capacity to transfer cooper in the aerial part, probably because of the stability or low solubility of the complexes, formed by copper with accessible ligands from soil; • in the S6 experiment, the BAF value is lower, compared with S2, meaning that the accumulation of copper is not favoured by the soil treatment, but the difference is small; • the most obvious observation that can be made by looking to data from the graph is about high values of TF for the S6 experiment, meaning that white mustard harvested on treated soil has a high capacity to transfer copper in the aerial parts, the concentration in roots being small, comparable with the concentration determined in roots for the control experiment (S1), and this situation is just the opposite of the S5 experiment.
By comparing the BAF and TF to copper bioavailability, evaluated using a CaCl 2 solution for extraction from soil, the following remarks result: Fig. 2 The BAFs, BAF dyn s, TFs, TF dyn s calculated for S. alba grown on S1-S6 soils Int. J. Environ. Sci. Technol. (2015) 12:929-938 935 • the increasing of BAF and TF with the concentration of EDTA is consistent with the higher values for bioavailable copper concentrations estimated in presence of EDTA; • the values of bioavailable copper concentrations in S5 and S6 could not provide the high concentration of copper accumulated by plants, either in roots (S5) or in shoots (S6). An explanation may be the presence of copper in insoluble and very stable complexes, from which it cannot be extracted by CaCl 2 solution, but in natural systems, the plants have the mechanism to mobilize it. We can assume that, in such systems, the methods for estimation of copper bioavailability must be carefully applied.
Besides the TF which implies the translocation of copper from roots to the aerial parts of the plant, they can be calculated other TFs, involving the translocation of copper from different parts of the plants. Some variants for TFs are plotted in Fig. 3 .
The data presented in Fig. 3 show a great concentration in shoots for S5 experiment and an easiest transfer from roots to stem for S6. The highest TF values are obtained for roots to stem transfer, copper being predominant retained in stems in the presence of a chelator as EDTA or natural chelators from DHM. In the absence of a chelator (S2), copper is consistently transferred from roots to stem and then to leaves; the highest copper concentration being in leaves. The presence of chelators may change the distribution and transfer of copper in plants.
The United States Environmental Protection Agency (USEPA 1992) introduces a metals takeover coefficient by plants, noted as uptake coefficient (UC), which expresses the amount of a metal taken up by a plant compared with the amount applied to the soil. This factor is obtained from the ratio between the amount of metals accumulated in some tissues of plants grown on land or fields, under varying degrees of impact with polluting material against the same plant species grown on unpolluted blank soil (Silveira et al. 2003) .
Taking into consideration the values UC (Table 6) , we can make the following remarks:
• the capacity of white mustard to remove copper from soil, estimated by UC, has a significant value, even in the absence of a chelator, which demonstrates that it can be used for phytoremediation; • the application of HME as a potential chelator source (S5) leads to a copper concentration around those obtained for plants grown on unpolluted soil, which is lower than those obtained in the absence of a chelator, meaning that the utilization of HME has blocked the transfer of copper from soil to shoots; • the UC for S6 experiment has a value which is similar to those obtained for the soil untreated with chelator (S2), meaning that the DHM does not increased the capacity of plant to uptake copper and to transfer it to shoots. The advantage of using this soil consists in the quality of harvested plants, which have not chlorosis and, despite the medium value for UC, the removed copper quantity is higher because of a bigger vegetal mass.
The presence of organic matter as compost applied to polluted soil resulted in the mobilization of copper and a greater transfer compared to the case of unfertilization. Plants grown in the manure compost (containing DHM) treatments managed a greater amount of metals from the soil, accumulating them in their above-ground tissues due to the plants' higher growth. The application of this amendment could be a useful practice to remove copper from polluted soils by phytoremediation techniques. A similar remark was recently reported for other plants and metals (Pérez-Esteban et al. 2011 .
The HME and DHM have a similar effect for the copper bioavailability, but HME has not the same nutritive effect as the DHM amendment, used as compost, probably because only a part of nutritive compounds are soluble in water, or because of the stage of nutrients biodegradation. As a consequence, the use of HME does not have the same effects as the use of DHM in the phytoremediation process. Furthermore, the two forms of horse manure application involve two technologies of phytoremediation: for HME, there is a phytostabilization (complexation mechanism), Fig. 3 The translocation factors calculated for S. alba grown on S1-S6 soils meaning that the plants stabilize, rather than remove contaminants by plant roots metal retention, and for DHM, there is a phytoextraction (hyperaccumulation mechanism), meaning that the plants absorb copper from soil and translocate it to harvestable shoots, where they accumulate. The white mustard grown in the treated soil fulfils the requirements for a successful phytoextraction, meaning that it has the ability to rapidly accumulate large quantities of biomass and the capacity to accumulate large quantities of environmentally important metals in the shoot tissue. It may be considered also a copper hyperaccumulator, having a metal accumulation exceeding a threshold value of shoot metal concentration of 0.1 %, which is request for copper accumulation (Padmavathiamma and Li 2007) .
The use of EDTA as chelator involves high concentrations of copper in plants harvested from polluted soils, but the biomass is smaller. An explanation for the immobilization of copper in roots by HME may be correlated with copper compounds solubility, due to the nature of compounds which can act as ligands in HME, compared with DHM. The organic compounds are expected to be in a more advanced stage of degradation in dry manure than in the fresh manure that meaning smaller molecules with smaller molecular masses. A low molecular mass and an electric charge of complex involve a higher solubility, while complexes with high masses, possibly with polymetallic structures or uncharged, involve low solubility in water. Another explanation may be correlated with complexes stability, nature of donor atoms, coordination numbers, the synergism of ligands, but such explanations need complex information about the chemical composition of manure.
Conclusion
The main aim of our study was to estimate the ability of horse manure, chosen as a natural source of chelators, and enhance the copper accumulation in plants. It has been observed that the studied accumulator plant, white mustard, accumulated high copper concentrations in roots in the presence of HME, but it did not have the capacity to transfer copper in aerial parts; thus, the most probable phytoremediation mechanism was the phytostabilization. Plants harvested on soils treated with compost, containing DHM had a higher capacity for transferring copper from roots to shoots, even higher that for EDTA, thus the most probable phytoremediation mechanism was the phytoextraction. Furthermore, the mass of plants harvested on DHM treated soil was bigger and, consequently, the total quantity of removed copper was higher.
The phytoremediation capacity of the white mustard was demonstrated for soils with high copper concentration. The conclusion was that the white mustard had the capacity to accumulate copper from polluted soils, the bioaccumulation of copper being improved by the presence of a chelator, and the chelate assisted phytoextraction seems to be a good strategy for copper extraction.
Another observation was that, for studied polluted soils, the use of BAF, TF, and UC may be a good method to estimate the capacity of phytoremediation for a plant and also the bioavailability of copper, but the assessment of the copper bioavailability in polluted soils, using the method of extraction, has many limitations.
